Abstract: This paper reports results of a detailed geochemical analysis carried out on representative oil shale samples obtained from the Attarat Um Ghudrandeposit, in Jordan. The conducted tests aimed to determine main features of the studied samples, such as oil yield, calorific value, organic and inorganic composition and moisture content. Based on obtained results of a large number of oil shale samples, as received without any treatment, it was found that as other types of oil shale, elsewhere, Attarat Um Ghudran oil shale consists of several major constituents. These are organic matter, biogenic calcite and apatite, detrital clay minerals, and quartz. The effect of borehole depth, total carbon (TC), organic carbon (OC), and total sulphur content (TS) on the calorific value and oil yield were studied and analysed. Results were well correlated (with relatively acceptable correlation coefficients of about 0.9) according to the following equations for the calorific value and oil yield, respectively.
Introduction
Unlike other countries in the Middle East Region, Jordan lacks commercial energy sources such as crude oil and natural gas but possesses a large energy resource in its vast reserves of oil shale. Recent estimates showed that over 50 billion tons of near surface reserves exist in central Jordan (Alali et al., 2006; Hijazin, 2009; Natural Resources Authority, 2010a) . About 24 known deposits of oil shale occurrences have been reported in most of the Jordanian districts. Oil shale is considered among the fossil fuels family, but it is characterised by high ash content. It is referred to in text books as a fine-grained marine sedimentary rock containing organic matter called kerogen, which upon heating in the absence of oxygen, softens and yields liquid and gaseous fuels (Jaber and Probert, 1997; Jaber et al., 2008) .
According to a report prepared by Ghannam and Roussan (2007) , oil shale was discovered in Attarat Um Ghudran during 1983 Ghudran during -1986 by the Natural Resources Authority of Jordan (NRA). Detailed investigation was conducted during the years 1986 and 2006. The exploration programs by the NRA showed that the total indicated resource of oil shale in Wadi Attarat Um Ghudran is about 23 billion ton (Natural Resources Authority, 2010b) . This deposit is ranked the first in terms of proven reserves as compared with other deposits in Jordan.
From the geological point of view, it was reported that in the Attarat Um Ghudranarea, the rock sequence is a succession of shallow marine deposits originally lying in the southern depression of the Tethys Ocean, and largely consisting of carbonate rocks. These have been tectonically deformed after regression of the sea at the end of the Paleocene, and later eroded by fluvial processes following a regional uplift (El-Hiyari, 1985; Jaser, 1986) . The geological setting of this area is dominated by widespread deposition of carbonates that occurred in upper Cretaceous age, represented by the Balqa' Group. This group (cretaceous-tertiary rocks) consists of a sequence of carbonate, chert and phosphate rocks well exposed and forming extensive outcrops in a large area inside and close to the Attarat Um Ghudran area (Madanat et al., 2009) .
The chemical constitution of oil shale kerogen in several parts of the world was investigated using different techniques such as supercritical fluid extraction, infrared spectroscopy, X-ray diffraction, and GC-MS (Haddadin and Mizyed, 1974; Duraud, 1980; Ranney, 1980; Nadkami, 1983; Jiagi and Jialin, 1989; Kok et al., 2001; Papay, 2001) . However, the Jordanian oil shale was not investigated thoroughly; as there has been only little interest in developing such resources during the 1980s and 1990s, when relatively low unit-prices for crude oil on the international market prevailed. This discouraged entrepreneurs from making investments to exploit these oil shale resources. But in year 2006, this situation changed due to many factors, the most important one being the growing bill for imported energy. This rising cost has a double effect on the national economy, draining scarce hard currency and raising the cost of energy required to support the social and economic development. Thus, the government developed and enacted the national oil shale road map with the main objective being to attract international developers and experienced companies in this field as the first step in the process of development of such a resource (Jaber, 2010) . This was very successful and since then many companies have signed memoranda of understanding with the NRA leading both parties to enter negotiations, upon submission of a detailed bankable feasibility study, and reach common terms of agreement. As a result, in 2010, three companies signed concession agreements, as special laws, with NRA. These are 1 Royal Dutch Shell 2 Eesti Energia Company which is fully controlled by the Estonian government 3 Al-Karak International Petroleum Company (Natural Resources Authority, 2009; Natural Resources Authority, 2010c; Natural Resources Authority, 2011) .
Attarat Um Ghudran oil shale is geologically classified as marlstone because of the large percentage of carbonate (Ghannam and Roussan, 2007) . The rocks are mainly limestone and marlstone in which the organic matter is of inhomogeneous nature and finely dispersed in the rock. The large deposit of shale energy reserves throughout Jordan makes it an attractive field for investigation. Due to the long history of interest in the oil shale resources in Jordan, several studies were carried out, especially for Ellujjun and Sultani oil shale deposits (Haddadin and Mizyed, 1974; Jaber et al., 1999; Probert, 1999a, 2000; Jaber, 2000; Jaber and Mohsen, 2001; Akash and Jaber, 2003; Williams and Nazzal, 1995; Nazzal, 2007) . These studies were conducted by different researchers trying to understand the characteristics of such shale, their physical and chemical properties, and key parameters that will influence retorting and combustion processes. However, very little has been done to correlate these data in simple form for assessment of their potential economic use as indigenous energy resource. In the case of Attarat Um Ghudran area, there have been a few research papers based on laboratory analysis of random core oil shale samples (Jaber et al., 2006; Jaber, 2009) . Thus, there is an urgent need for more field and scientific research investigation of this particular oil shale deposit, which is considered the largest, at present, in Jordan.
To maximise the output and conversion efficiency of oil shale processing, a deep understanding of characteristics of such resource is needed. Among the more important parameters are the oil yield and calorific value, which determine the potential for economic utilisation of an oil shale deposit. The main objective of this study was to conduct a chemical assessment of Attarat Um Ghudran oil shale in Jordan as a necessary step for possible use as a local source of energy. It was also aimed at correlating the energy product, i.e., calorific value and oil yield, for the oil shale as a function of some key parameters such as its sulphur and carbonate contents. But it should be stressed that geological, geotechnical and mining issues are beyond the scope of the current study.
Experimental procedures
Assaying of oil shale includes Fischer assay, to measure the oil yield, as well as determination of gross calorific value, organic carbon and total carbon, sulphur, major oxides and mineralogical contents. Oil yield is one of the main parameters that determine the suitability of an oil shale deposit to be used as a source of synthetic oil production by employing a retorting process. In the Fischer assay apparatuses, available in NRA laboratories, a ground sample of oil shale (of 50 grams) is placed in an aluminium cast retort, following ASTM D3904, which is heated externally up to 520°C. The retort is cooled down and the amounts of shale oil, gas and residue (retorted shale) were recorded after separating inter-water by using a centrifuge, in which the tubes are fitted on a rotating disc. An accurate electronic-balance was used in all experiments to weigh before and after pyrolysing the tested oil shale samples. The gross calorific value was determined using a bomb calorimeter (ASTM D3286). The sulphur content was determined by X-ray fluorescence (XRF) as SO 3 and/or, by using a LECO analyser, as elemental sulphur (S). The LECO analyser was also employed to determine the organic carbon content. More than 244 representative oil shale samples were prepared, from 15 boreholes drilled in the area, at depths ranging from 50 m to 135 m below surface. These samples were kept in well-sealed plastic bags to limit interaction with the external environment, especially loss or gain of moisture.
The chemical analyses for the major oxides (Fe 2 O 3 , MnO, TiO 2 , CaO, K 2 O, P 2 O 5 , SiO 2 , Al 2 O 3 , MgO, Na 2 O and SO 3 ) were carried out using XRF spectrometry at NRA laboratories. X-ray diffraction was used for the determination of the mineral constituents. For the determination of calcium carbonate, oil shale samples were treated with dilute hydrochloric acid (HCl). Total carbon, hydrogen, sulphur, and nitrogen components in the kerogen were analysed using microanalysis techniques, following ASTM D3178 and ASTM D4239. Moisture content was determined by weight difference after drying the oil shale sample under controlled conditions. The total number of conducted tests, in this study, was about 1,500 for the prepared oil shale samples. These samples were prepared following standard practice for sampling and sample preparation for determination of chemical composition, which included the following main activities:
• crushing the oil shale sample using a jaw crusher in order to obtain a fine particle size of 2-5 mm • dividing through different steps by splitting so as to get a homogeneous sample
• grinding the sample by a disk pulveriser to get a very fine particle size of 0.1 mm • using a ball mill for further pulverisation up to 40 µm, needed for certain instruments and then thin sections for mineralogy and petrography studies were prepared.
Results and discussion

Mineralogical composition
The results of mineral identification by X-ray diffraction indicated that main constituent of the oil shale is calcite mineral, which makes about 47% of the rocks. This high percentage is due to the presence of calcite, which is similar to results obtained for the Ellujjun oil shale deposit (Anabtawi and Nazzal, 1994) . Minor mineral constituents include quartz (17%), smectite (12%), flourapatite (11%) and dolomite (6%). Trace mineral constituents include muscovite-illite, hematite and others. Results showed that the composition of oil shale is almost uniform with depth.
Major oxides of oil shale
The major oxide components in the Attarat Um Ghudran oil shale are calcium oxide (CaO), silicon dioxide (SiO 2 ) and aluminium oxide (Al 2 O 3 ). The CaO occurrence was the highest and its values varied, by wt., from 20.1% to 46.50% (average of 38.62%), followed by SiO 2 with a range between 2.72% and 30.70% (average of 8.47%) and finally Al 2 O 3 between 0.63% and 3.56% (average of 1.43%). The three oxides are related to the carbonate and marlstone rock types abundant in the oil shale. The CaO reflects the calcite content of the rock, as well as small amounts of CaO in apatite and gypsum. High content of SiO 2 in some beds indicates silicification of oil shale. Wide variations of MgO, as shown in Table 1 , between 0.01% and 11.7 wt%, is attributed to the presence of dolomitic beds within the oil shale deposit. Presence of phosphate inside the oil shale is evident due to the existence of high P 2 O 5 content, mainly in the beds close to the base of the deposit, as shown in Figure 1 . The P 2 O 5 content varies between 0.49% and 5.33%, by wt, with calculated average of about 1.8%. This reveals that phosphate rocks have economic potential to be mined together with the oil shale extraction and processing which will enhance the economic viability of any future development for oil shale resources in Attarat Um Ghudran area. The content of minor oxides such asFe 2 O 3 , MnO, TiO 2 , K 2 O, Na 2 O and SO 3 are due to occurrences of secondary iron oxides, pyrite, clay minerals, gypsum and halite. Figure 1 shows that slight variation in the percentage of the major oxides can be noticed with depth for two bore holes, i.e., Apart from BH11, which exhibits higher SiO 2 , Al 2 O 3 and SO 3 content compared with other boreholes, some variations in the average major oxide content between the 15 boreholes can be noticed, as illustrated in Table 2 . Such variations are due to several factors, the most important being variation in the organic content. In addition, there is uncertainty in the analytical measurements, which would affect the final results. However, in order to reduce the margin of the experimental error and so produce more reliable data, key tests were done in triplicate and the average value was reported. Table 3 summarises results of the weighted average composition of the organic material, the oil yield, gas loss and spent shale (as wt%) and the average gross calorific value of the 15 boreholes, which were drilled in the Attarat Um Ghudran oil shale deposit. The most significant values are 1 the calorific value 2 the oil yield, which determine the economics of the oil shale deposit.
Calorific value, oil yield and organic content of oil shale
The average calorific value is more than 1,000 kcal/kg and average oil yield is 7.6%, i.e., approximately 80 litres of shale oil per one ton of raw oil shale. When gas loss, with an average of about 3.5%, is added, this will bring the potential total yield of useful energy products to about 11%. Such results are comparable with those reported in a previous paper, using different experimental setup and oil shale samples from this deposit (Jaber et al., 2006) . But when compared with other oil shale deposits in Jordan, such as Ellujun and Sultani in the central region, the Attarat Um Ghudran oil shale deposit is considered of a lower grade in terms of oil yield and calorific value (Jaber et al., 1999; Probert, 1999a, 2000; Jaber, 2000; Anabtawi and Nazzal, 1994) . Except for oil shale samples obtained from two boreholes (No. BH2 and BH4), the weighted average oil yield in the other boreholes is higher than 7.12% and the same analogy applies to the calculated calorific value. The total sulphur varied between 1-2.2%, with an average of about 1.5% by wt., in the raw oil shale. Such a slight variance in the obtained results is expected and inevitable due to the nature of oil shale. It is considered as non-homogeneous and thus the organic material matter is not evenly distributed in the rock. Added to that during the preparation and grinding of oil shale samples, a small part of the organic matter could be lost, which would manifest itself in the final results. However, it should be stressed here that in order to have highly accurate and dependable results for oil yield, three oil shale samples were prepared and subdivided into three identical parts and given different lab numbers. Then analysed using the Fischer assay apparatus to determine the amounts of oil yield, gas loss and spent shale.
The results of this test are illustrated in Table 4 , which clearly demonstrates that the precision in exterminating the oil yield was approximately ±0.39% of the average yield.
Such an outcome is considered good enough and hence the obtained results, in this research work, are highly accurate and very useful from the engineering and industrial point of views. Notes: *TC = total carbon, TH = total hydrogen, TS = total sulphur, OC = organic carbon The relationship between gross calorific value, which is the most important factor when burning oil shale, and oil yield is exhibited in Figure 2 . A well defined proportional relationship between the calorific value and oil yield is evident with relatively an acceptable value of R 2 (the square root correlation coefficient). The scattered values in Figure 2 can be attributed to the presence of thin rich or poor oil shale seams. Based on this almost linear relationship, one can estimate the calorific value using the following formula: The changes in the calorific values with depth, below ground surface, in the boreholes is evident from the analysis and indicating presence of different levels of high oil shale layers intercalated with low oil shale layers as shown in Figure 3 for selected boreholes (BH4-BH6).
As can be seen in Figure 3 , if a cut-off grade of about 900 kcal/kg of raw oil shale, which is the economic limit set by most of available oil shale processing technologies, taken as criterion for extracting and developing the studied deposit, then it can be concluded that the Attarat Um Ghudran oil shale deposit has a good economic potential to be developed as an energy resource. It should be mentioned that the gross calorific value and oil yield increase with increasing organic carbon. Such a relation is expected and reported in the open literature related to oil shale (Duraud, 1980) . Another parameter that has some influence on the gross calorific values is calcium carbonate (CaCO 3 ) content, which was determined using the X-ray diffraction analyser and ranged between 20% and 80% by weight. It is found that the gross calorific value decreases slightly with increasing CaCO 3 content. Spent shale, or retorted shale, is the residual ash of the pyrolysis process, which is considered as high carbonate base spent shale. This could be burnt in order to recover its energy content and supply the required heat for the pyrolysis process. The final resulting ash may be further processed or used as feed for cement production or other industrial applications such as buildings and roads construction materials, heavy metals concentrate to extract precious metals. Generally, inert component, i.e., ash, in oil shale is very high. The weighted average amounts of spent shale in analysed samples ranged between 86.32% and 92.15% by weight, as shown in Table 2 .
Effect of organic carbon and sulphur content on oil yield
Figure 4 reveals that good proportional relationship occurs between the organic carbon content and oil yield. The weighted average contents of organic carbon in analysed oil shale samples varied between 6.98% and 11.16% by weight. Such a relationship is expected since the organic carbon content in oil shale has an influence on oil generation during a retorting process. But the lack of hydrogen, unless provided from an external source, in oil shale would retard the process of oil generation (Jaber et al., 1999) . It can be observed from Figure 4 that only few occurrences of higher (more than 10%) organic content of studied oil shale samples were incurred and affected the correlation factor. In Figure 5 , the correlation between total sulphur content and oil yield is shown. It appears that the greater part of the sulphur content may be positively correlated with the organic matter content: the increase of organic matter reflects an increase of sulphur as well as oil yield. But some part of the sulphur appears to be unrelated to the organic matter, as indicated by the red arrow in Figure 5 , and this is attributed to the presence of pyrite and gypsum in the oil shale beds as reported by many researchers (Burnham, 1979; Burnham et al., 1981; Rubel and Audeh, 1984; Ekstrom et al., 1987) . However, sulphur in either form is undesirable and should be removed before shale oil being processed or used as boiler fuel due to environmental constraints. In a previous research paper it was reported that the produced shale oil could contain as high as 10% by wt. of sulphur (Jaber et al., 1999; Nazzal, 2007; Jaber and Probert, 1999b ). Higher sulphur content will reduce the quality of produced fuel, thence further treatment is a must. The sulphur can be extracted and processed as a by-product that could be used as a raw material in chemical and fertiliser industries. Such an approach will enable reduction of harmful emissions and comply with pollution standards as well enhancing the economic feasibility of future planned oil shale projects.
Surface moisture content
Surface moisture, i.e., water, content was determined for 47 oil shale samples. The obtained results indicated very wide variations, from a minimum of 0.1% to a maximum of 17.19%. These variations are attributed to the presence of a perched groundwater level in some localities. In a previous study, aimed at drying a random oil shale sample from Attrat Um Ghudran provided by NRA, it was reported that surface moisture content ranged between 3%-5%, by wt., using thermogravimetric analyser and a drying furnace (Jaber, 2009) . Such low surface moisture content is favourable from the processing point of view, because there is no need to install pre-heaters and dryers to remove this moisture before oil shale being treated and processed. 
Correlating the data
The obtained experimental results for all tested oil shale samples were used to develop the following correlations for estimating the gross calorific vale and oil yield. To achieve this, the multi regression analysis technique was used, which relates the response of the variable of interest (calorific value or oil yield) to a set of predictor or independent related variables, i.e., organic part of the studied oil shale samples. These represent amounts of organic carbon (OC), total sulphur (TS) and total carbon (TC) that are contained in the studied oil shale deposit. With a relatively high correlation coefficient of more than 0.9 and low standard error, the bore depth varied from 51 to 135 m, which is considered here as a constant factor without losing much accuracy since its effect is not very significant, the sulphur content, S, from 0.96 to 2.12% by wt., and organic carbon, OC, from 6.98% to 11.16%, both of gross calorific value and oil yield could be estimated without losing much accuracy. Both correlations proved to have acceptable statistics, especially the expected sign for all the considered coefficients in this study.
Conclusions
In this experimental study about 244 representative samples from Attarat Um Ghudran oil shale deposit were prepared and analysed to determine main organic and inorganic constituents, using X-ray diffraction and LECO analysers, calorific value, using bomb calorimeter, and oil yield, by Fischer assay. As in other oil shale deposits occurring in Jordan and elsewhere, the Attarat Um Ghudran oil shale is found to consist of a relatively small amount of organic matter where as the major part is inorganic, i.e., detrital clay mineral, quartz, and calcite. There are some minor components which are less significant, such as pyrite, feldspar and other oxides. The average oil yield (about 7.6% by wt.) and gross calorific value (1050 kcal/kg) are considered acceptable from the economic and processing point of views. Two formulas based on obtained results using multiple regression were developed to estimate the gross calorific value and oil yield. It can be said that such an oil shale deposit has a good potential to be developed as an energy source to produce liquid fuels or generate electric power to satisfy part of the local growing energy and electricity demands. But the relatively high sulphur contents could be a problem and a major source of pollution if not taken into account when selecting and designing the desired oil shale processing system.
